Background: Screen time (ST) is associated with physical activity (PA) levels. We aimed to investigate the relationship between ST and fitness. Methods: We assessed fitness and daily ST in 7,466 10-16-y-old schoolchildren from the east of England. The differences in fitness between ST groups, and the association between ST and fitness were assessed. results: ST was negatively associated with fitness in boys of all ages (P < 0.001) and girls in grades 6-9 (P < 0.005). conclusion: These first data from English children show a negative association between ST and fitness in youth. Of note, very high levels of daily ST (>4 h) are associated with poor fitness. Some of the associations were mediated by PA levels. Our data support international recommendations to limit ST to <2 h/d; we believe such guidance should be issued in the United Kingdom.
t ime spent in sedentary behavior is independently linked to poor metabolic health in adults and children (1, 2) . Although there are many sedentary behaviors, small-screen media engagement (screen time, ST) remains the most prevalent (3) and is a commonly used indicator of overall levels of sedentariness in large-scale epidemiological studies (2, (4) (5) (6) .
The moderate negative cross-sectional relationship between ST and physical activity (PA) is well established and would seem intuitive (6, 7) . Although ST and PA are clearly interrelated (8) , a reciprocal relationship between them cannot be assumed (high ST is not necessarily associated with lower levels of PA). Multivariate analyses have shown that they independently predict poor metabolic health (1, 9) . This has led to the suggestion they should be treated as separate entities or constructs (9) .
Cardiorespiratory fitness (herein fitness) is an outcome of PA and provides a useful objective end point by which the possible impact of excessive sedentariness in youth can be measured (10) . Fitness is easier to measure than PA, tracks more strongly through childhood (11) , and is better related to health outcomes in children (12) and adults (13) . Studies examining the relationship between television viewing and fitness have shown no significant relationship (14) (15) (16) (17) (18) or inconsistent findings (18) . Most were limited by small samples sizes and in their measurement only of television viewing, which poorly reflects overall sedentary behavior (19) . A recent large study using a composite ST measure (television viewing, computer use, games console use) and cardiorespiratory fitness found a small, negative association between ST and cardiorespiratory fitness in boys but not girls (10) . There were also differences in the relationship across the three age categories. Although the sample was large and representative, fitness was expressed only as a continuous variable (laps completed on the 20-m shuttlerun test). In population research, fitness may be better represented as a categorical variable score that is related to a criterion-referenced standard indicative of health-related fitness.
The aims of the present study were to verify findings of previous studies using a large sample of English youth. Second, we aimed to examine the relationship between ST and cardiorespiratory fitness expressed as a criterion-referenced standard related to health. Finally, we sought to explore the role PA plays in mediating the relationship between ST and fitness. Table 1 . The prevalence of ST (>2 h/d) was 35.7%; low ST (<2 h/d) was more common in girls whereas very high ST (>4 h/d) was significantly more prevalent in boys. Overall levels of fitness expressed as shuttles completed and peak oxygen uptake were higher in boys. Prevalence of unfitness was also higher in boys as a result of the higher cutoff used to define health-related fitness (20) . Figure 1 shows the results of the one-way ANOVA comparing the number of shuttles run between ST groups. In boys, there was a significant (P < 0.001) main effect for ST in every age category. Post hoc analyses showed significant differences in the number of shuttles completed between all three ST groups in each age group. In girls, there were significant main effects in grades 7-8 and 9-10 but not in grades 10-11 (F = 1.89, P = 0.155). Post hoc analyses showed grade 7-8 girls reporting very high ST completed significantly fewer shuttles than those who reported low ST. In grade 6-7 girls, significant differences Activity, screen time, and fitness Articles in fitness between all ST groups were observed. There was a dose-response relationship between the three ST categories and binary classification of fitness. Trend analysis revealed a sequentially higher proportions of unfit schoolchildren in ascending ST groups (χ 2 trend = 78.90, degrees of freedom = 1, P < 0.001).
RESULTS

Descriptive characteristics are shown in
Binary Logistic Regression
When the entire data set was analyzed controlling for age, sex, deprivation, ethnicity, and BMI, the likelihood of being fit was significantly lower in participants reporting high (odds ratio, OR: 0.66, 95% confidence interval (CI): 0.50-0.78) and very high (OR: 0.48, 95% CI: 0.40-0.58) ST than in those who reported low levels. Sex was a significant, independent predictor of fitness, with boys less likely to be classified as fit (OR: 0.35, 95% CI: 0.31-0.42). Further analyses were performed in boys and girls separately. Results of the two logistic regression models are shown in Table 2 . As compared with those with low ST, boys reporting high or very high ST were less likely to meet criterion-referenced fitness standards. Of note, boys reporting very high ST were less than half as likely to be fit as compared with those in the low ST group (OR: 0.45, 95% CI: 0.35-0.57). Controlling for PA (physical activity questionnaire (PAQ) z-score) slightly reduced the odds of being unfit, but this remained significant in those boys with high (OR: 0.81, 95% CI: 0.66-0.91) and those with very high (OR: 0.65, 95% CI: 0.50-0.84) ST.
The relationship between ST and fitness was less marked in girls, and there was no significant difference in the likelihood of being fit between low and high ST groups. Girls who reported very high ST were, however, less likely to be fit than those in the low ST group (OR: 0.58, 95% CI: 0.43-0.78). These odds were slightly reduced but remained significant after controlling for PA levels (OR: 0.68, 95% CI: 0.50-0.93).
The total effect (c) and direct effect (c′) of ST on fitness were −0.056 (P < 0.001) and −0.028 (P < 0.001), respectively. Mean (SD) age (years) grades 6 and 7: 11.4 (0.6); grades 7 and 8: 13.0 (0.6); and grades 10 and 11: 14.8 (0.6). *P < 0.05, significantly less fit than low screen time group. **P < 0.05, significantly less fit than high screen time group. 
Articles Sandercock and Ogunleye
On the basis of 5,000 bootstrap samples, the total indirect effect of ST on fitness was −0.029, 95% CI: −0.034 to −0.024, that was OR: 0.97, bias-corrected and accelerated 95% CI: 0.97-0.98, which leads to a rejection of the hypothesis that the total indirect effect was zero (P < 0.001). These estimates are similar to that of the normal theory tests for indirect effects. Because the assumption of normality of the sampling distribution of indirect effects was arguable, we bootstrapped the indirect effects of fitness on ST. In agreement with results of the product-of-coefficients strategy, PAQ z-score was an important mediator of the fitness and ST relationship. On the basis of the 95% CI, we concluded that the indirect effect was indeed significantly different from zero (P < 0.001), implying that PA levels partially mediate the association between ST and fitness.
DISCUSSION
Sedentary behavior and PA are separate constructs (21) that can independently predict metabolic risk in children (1,2,5).
As a marker of sedentary behavior, ST shows consistent but weak associations with higher adiposity (22) and is moderately associated with lower PA in children (23) . The association between ST and fitness is less studied, and findings have been mixed. This study aimed to assess the relationship between ST and fitness expressed as a health-related criterion standard (20) in a large sample of children and adolescents. The present data show a significant inverse relationship between ST and cardiorespiratory fitness in children of both sexes across a range of ages (10-16 y). When fitness was expressed as a continuous, test performance score, our data partly agree with those reported previously in Australian schoolchildren (10) because we also found significantly lower fitness scores in boys reporting high ST. Our use of three ST categories provides further information by showing a "dose-response" type relationship between ST and fitness in boys. Hardy et al. (10) found no difference in girls' fitness according to ST, whereas we found significantly lower fitness only in our additional category of very high ST. These are the first data to show decrements in fitness in accordance with ST in a dose-response manner. From a public health perspective, these data suggest that very high ST is associated with lower fitness in boys and girls and hence should be avoided. The data also support some potential health benefits of current recommendations (24, 25) to limit daily ST to <2 h.
The high ST group represents children previously described as "heavy users" (2). Eisenmann et al. (2) found higher metabolic risk scores in heavy users as compared with children reporting either low (<2 h/d) or higher (2-4 h/d) ST. Schoolchildren who report very high daily ST are less physically active at school and even during physical education lessons, as well as at the more intuitive times such as after school and weekends (4) . The current data suggest that such a lifestyle, involving very high ST and habitually low PA, is associated with a significantly lower likelihood of achieving health-related levels of cardiorespiratory fitness.
Such findings are at odds with studies showing no relationship between ST and fitness in youth. These earlier studies were often limited by measurement of television viewing only, by small sample size, and by the use of arbitrary cutoffs for ST categorization (14) (15) (16) (17) (18) (24) . In the current study, ST was more strongly associated with fitness in boys than in girls, and the present data suggest that perhaps only very high ST is associated with lower fitness in girls, a notion that has not been addressed in any previous research.
Fitness may have several advantages over PA as an indicator of health. Fitness can be objectively measured in large samples with relative ease using validated field tests capable of producing nearmaximal effort in children and adolescents (26) . More important, fitness is better related to disease status in adults than PA (12, 13) . Finally, scores on fitness tests can be expressed as criterion-referenced health standards indicative of future or present disease risk in children. A number of cut-points are available (27) , all of which tend to be quite similar. We used the Fitnessgram Lower Healthy Fitness Zone cutoffs (20) because these are linked to predictions of future ill-health (28) and to allow comparisons of our findings with recent research (10).
Predictors of Criterion-Referenced Fitness
Even when controlling for several potential confounding variables, ST remained a significant independent predictor of fitness in boys and girls. There was a clear dose-response relationship in boys, in whom very high ST was associated with a very low likelihood of being classified as fit. In fact, the very high ST group's odds of being fit were less than half those of those in the low ST group. In girls, the association was not as strong, and there was less evidence of a dose-response. Girls with high ST were no less likely to be fit than those reporting lower levels. The likelihood of being fit was, however, markedly (42%) lower in high vs. low ST groups (OR: 0.58, 95% CI: 0.43-0.78).
These data support findings from studies that have expressed fitness as a continuous variable in which a larger effect size for between-group difference is evident in boys than in girls (10) . It seems that boys report higher levels of ST and that these may be more closely associated with fitness in boys than they are in girls. These patterns in fitness are analogous to trends in PA that we have previously reported in this population showing larger effect sizes for differences in PA according to ST in boys than girls (4) . No study has previously attempted to determine whether associations between ST and fitness are independent of PA. Although lower PA, displaced by ST, appears the most intuitive mechanism to link high ST to low fitness, previous research has shown that TV viewing habits can change independently of PA habits (21) . The independence of (high) ST and (low) PA from one another was demonstrated previously by Ekelund et al. (9) , who showed them to be independent predictors of elevated metabolic risk scores in children.
Independence of PA and ST as Predictors of Fitness
ST, PA, and fitness are all interrelated, therefore, we hypothesized that controlling for PA would eliminate the relationship between ST and fitness. Given that fitness is influenced by habitual PA levels, we sought to test the hypothesis that higher Activity, screen time, and fitness Articles PA in low ST groups appears the most plausible explanation for the association of ST with fitness.
In boys, controlling for PA attenuated the odds of being fit according to ST, but they remained significantly lower in the high (OR: 0.81, 95% CI: 0.66-0.99) and particularly in the very high (OR: 0.65, 95% CI: 0.50-0.84) ST groups. Similarly, girls with very high ST were less likely to be fit even after controlling for PA (OR: 0.68, 95% CI: 0.50-0.93). This suggests that boys exceeding 2 h and girls exceeding 4 h daily ST are more likely to have low cardiorespiratory fitness independent of their PA levels. This is a novel and important finding and supports the findings of inactive physiology studies showing such relationships in adults (29) . Both fitness and PA levels are associated with ST.
Furthermore, our mediation analysis, using PA as a mediator of the association between fitness and ST, shows that PA levels explain, in part, the difference in fitness observed across ST categories. A partial mediation was observed in the relationship between fitness and ST after controlling for the mediating variable, PA. The directions of the α and β paths (Figure 1) suggest that decreasing ST may lead to increase in PA levels, which in turn leads to greater fitness. However, this result should be treated with caution because increasing PA may reduce the negative association between fitness and ST. Therefore, intervention targeting PA levels may decrease ST in youth who are unfit.
These data, like those of Eisenmann et al. (2) , suggest that very high ST (>4 h/d) may be an important threshold for children's health. These data also support the notion that PA and ST independently contribute to poor health outcomes in children (9) .
It has long been accepted that adequate levels of PA promote good health, whereas the potential negative impact of sedentary behaviors is a relatively recent idea (19, 29) . The intuitive pathway by which sedentary activities such as ST could be associated with low fitness is by direct displacement of vigorous active pursuits that are needed to potentiate increases in fitness. But there is an increasing body of evidence to show that time spent sitting is predictive of poor health in adults independent of PA (29) . The present data are the first to demonstrate a relationship between ST and health-related measures of physical fitness in children. Our findings strongly suggest that ST should be kept below 4 h/d because of this independent, negative association with cardiorespiratory fitness.
Cardiorespiratory fitness can be thought of as a health outcome in children representing typical lifestyle (PA and body weight levels), whereas PA is a behavior an individual can quickly and transiently modify. Perhaps for this reason, or because it can be objectively measured, fitness is a better predictor of health outcomes than is PA (12, 13) . In young people, more prone to recall bias, objective measures of fitness have clear advantages. It is in adulthood, however, that low PA or fitness is likely to manifest as diseases (28) . Although physical activity tracks very poorly, cardiorespiratory fitness tracks moderately from childhood to adulthood (30) . This may also suggest that fitness is a more appropriate measure for health surveillance.
The associations seen throughout this study were stronger in boys than girls. There is evidence that girls spend more time in sedentary but non-screen-based activities such as talking on the phone and "hanging out" (19, 31) . ST may, therefore, simply be a better index of sedentariness in boys than girls, but other explanations are also possible. Our ST measure cannot determine the relative distribution of ST between, for instance, computer use and television viewing. Greater television viewing, accompanied by unhealthful snacking behaviors, may have an effect on body composition (BMI is higher in boys), which could influence fitness measured using our weightbearing test. It is also possible that the independence of ST from PA as a predictor of fitness may be due to methodological reasons. Our measure of fitness was objective, used established methods, and was expressed as criterion-referenced score. Unfortunately, this was not possible to achieve with our measure of PA. Although the PAQ is both reliable and valid (32) , answers are still prone to either poor recall or recall bias. The PAQ also does not measure the intensity of exercise and activities that each child reports but provides instead descriptive, quantitative estimates of the variety of activities undertaken, frequency of certain activities, level of effort in physical education classes, and overall activity levels for the past 7 d. Repeated bouts of high-intensity activity are needed to promote increases in cardiorespiratory fitness, but these are difficult to determine from the PAQ.
Our study has several other limitations. Our cross-sectional design means that we cannot make inferences regarding the direction of cause and effect between ST and fitness, and longitudinal data are needed to address this. Although we made a valid and objective measurement of fitness, we relied on selfreport to gain our estimates of PA and ST. We have found good validity and reliability of our ST measure (23), but it cannot account for differences between weekend and weekday ST. We do not claim to have made an accurate assessment of the total sedentary time of our sample, but ST remains the predominant sedentary behavior (3) and it should be regarded as a proxy of total sedentary time useful for within-subject comparisons in large studies such as this one.
Conclusion
Despite these limitations, the current study provides original findings regarding the relationship between ST and fitness in children. These are the first data on English children, a group that typically has levels of television viewing and household games console and personal computer ownership comparable with other developed countries including the United States, Canada, and Australia (8, 10, 22) . This is the first study to show a significant negative relationship between ST and cardiorespiratory fitness expressed as a health-related criterion standard. This likelihood of being unfit was much greater in boys who exceed current international recommendations (24, 25) for daily ST and in girls with very high levels. This relationship was independent of age, deprivation, ethnicity, and BMI. Most important, our second analysis demonstrates that, in children with very high ST, the likelihood of being unfit was even independent of PA levels. These data suggest that existing guidance to limit ST to <2 h/d is adequate. The data cannot, however, confirm whether this cutoff is optimal because of the lack of additional categories below 2 h/d, and further research is warranted in this area. We found a dose-response relationship between ST and fitness that was only partially mediated by differences in PA. Our mediation analysis suggests that ST is independently associated with fitness via as yet unknown mechanisms unrelated to PA levels. These mechanisms require elucidation. Regardless of individual PA levels, ST should definitely be kept below 4, and preferably below 2 h/d if children are to be able to achieve health-related fitness standards.
METHODS
Participants and Sample
Participants were part of the ongoing East of England Healthy Hearts Study; details of the sample and methodology are available elsewhere (33) . Briefly, the study is an ongoing survey that was approved by the University of Essex Ethical Review Board. Informed consent was gained from the schools, parents, and from each child at point of contact. All schools were state schools in the east of England. Pupils normally attending physical education were potentially included in the study; exclusion criteria were the presence of known illness (such as underlying cardiomyopathy) and lack of parental or pupil consent. Schools provided consent for pupils to be tested, and we used an additional opt-out approach to parental consent. Finally, verbal consent was required from each participant at the point of testing. This approach resulted in response rate of 98.2%.
A total of 7,466 schoolchildren between 10 and 16 y (53% boys) were involved in this cross-sectional study. Children were weighed and their weight and height were recorded to the nearest 0.1 kg and 0.1 cm, respectively. Stature was measured using Seca Leicester Height Measure (Seca & Co. KG., Hamburg, Germany) and mass using a Seca 888 digital scale (Seca & Co. KG.). We ensured all participants were wearing light clothing (T-shirts and shorts) and without shoes. BMI was calculated from the mass and height and expressed as an age-and sex-normalized z-score (34) .
Daily ST was assessed using our own, validated self-report questionnaire (4) . ST responses were categorized in two ways. The response categories: "none, " "30 min or less, " "30 min-1 h, " "1-2 h, " "2-4 h, " or ">4 h, " were condensed into three categories: "low" (<2 h), "high" (2-4 h) based on international guidance on limiting pediatric ST, and finally, "very high" (>4 h), a category used previously to describe heavy use (2, 4) .
Participants also self-reported their ethnicity via menu-based responses taken from the UK National Census as well as their home postcode, from which we determined the area-level deprivation index using national census data (35) . The current study used the English Index of Multiple Deprivation. This has been discussed before (23), but briefly the English Index of Multiple Deprivation is a more detailed measure than simple or proxy estimates of socioeconomic status based on education or employment given that it covers many aspects of neighborhood-level deprivation. The measure has 37 indicators in seven domains: income, living environment, education, employment, housing, health, and crime levels.
Participants then completed the Fitnessgram PACER test to estimate their cardiorespiratory fitness as described previously (33) . Participants had previously taken part in the 20-m shuttle-run test as part of their physical education. Participants were reminded by both the instructions on the PACER CD and a researcher to "run for as long as possible. " The test requires volunteers to run back and forth over a marked distance of 20 m in time with an audible signal. The test starts at an initial running speed of 8.0 km/h and increases initially by 1 km/h after 2 min then by 0.5 km/h each minute thereafter. Researchers acted as "spotters" and recorded the final shuttle count at either the point of volitional exhaustion or when the participant failed to maintain the required running speed twice. For comparison with previous data, we expressed fitness as the total number of shuttles completed. As a descriptive characteristic, we also converted this to peak oxygen consumption (36) . Total shuttles completed is dependent on participant age, so we grouped participants into three age categories for this analysis as others have (10) . We also expressed fitness as a binary variable using the lower Fitnessgram PACER Healthy Fitness Zone cutoffs (20) . If the participants' total completed shuttle count was above their age-and sex-specific cutoff, they were classed as "fit"; otherwise, participants were classed as "unfit. "
Each participant completed the PAQ for adolescents (PAQ-A) or children (PAQ-C). Participants of high school age (>11 y) completed the PAQ-A and primary schoolchildren (<11 y) completed the PAQ-C. The PAQ-A or PAQ-C, which contains different elements of PA, was used to determine participants' PA levels; this we have detailed elsewhere (23) . This instrument has been previously validated (32, 37) . Age-and sex-standardized PAQ scores (z-scores) were generated from participant's overall PAQ score.
Data Analysis
Differences in boys and girls were assessed by independent t-tests or χ 2 analysis as appropriate. We divided participants into three categories based on school grades (grades: 6-7, 8-9, and 10-11). The χ 2 test for trend (χ 2 trend , degrees of freedom, P value) was used for a dose-response model and was reported for differences in distribution of ST with ordered categories. ANOVA was performed in boys and girls within each group separately. Post hoc (Tukey) tests were used to determine the differences in PACER performance between ST groups. Analysis was performed on the natural logarithm of laps completed to ensure normality of distribution (10) . We then performed binary logistic regression analyses on the whole data set to determine the likelihood of each participant being classified as fit according to his or her ST. The initial analysis controlled for age, sex, deprivation, ethnicity, and BMI. We then split the data by sex and repeated this analysis. A second model also included self-reported PA as a covariate to examine whether associations between fitness and ST were dependent on PA.
A mediation variable analysis was conducted using the bootstrapbased product-of-coefficient test with fitness as the outcome variable. A set of generalized linear models were fitted to evaluate the contribution of the mediating variable, which is PA in this case (Figure 2 ). Models were generated using a more robust current practice to generate α, β, c, and c′ (38) . We estimated the total effect of ST on fitness (c coefficient); in addition to this, we estimated the association between ST, independent variable, and the potential mediator, PA, (α coefficient); the independent effects of the potential mediator, PA, on the outcome, fitness, (β coefficients) using a generalized linear modeling analyses, i.e., regressing fitness and mediating variable PAQ z-scores.
Step 3: estimating the association between outcome (fitness) and independent variable (PA) (c′ coefficient) and computing the product of the two coefficients αβ (product-of-coefficient estimate of a mediated effect), representing the mediated effect, for each bootstrap sample; and step 4: computing the bootstrap bias-corrected 95% CIs around the bootstrap estimates of αβ. Product-of-coefficient estimate is recommended with logistic regression, where our outcome variable (fitness) is categorical (39) . In the mediation analysis, ST represents our independent 
